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The elastic coupling between the a-SiO2 spheres composing opal films brings forth three-dimensional
periodic structures which besides a photonic stop band are predicted to also exhibit complete phononic
band gaps. The influence of elastic crystal vibrations on the photonic band structure has been studied by
injection of coherent hypersonic wave packets generated in a metal transducer by subpicosecond laser
pulses. These studies show that light with energies close to the photonic band gap can be efficiently
modulated by hypersonic waves.
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The periodicity of the dielectric constants in artificially
grown structures is generally accompanied by a periodicity
of the acoustic impedance. With regard to their acoustic
properties they may therefore behave as phononic crystals,
in analogy to photonic crystals for light. If the structure
acts as a photonic crystal operating in the visible, then it
shows the features typical of phononic crystals for hyper-
sonic (�1010 Hz) acoustic waves. The combination of
optical and hypersonic properties in a single highly ordered
periodic structure leads therefore to a new object compris-
ing a photonic and phononic crystal. With such a joint
system ultrafast manipulation and control of light beams
by hypersonic waves in structures which have complete
three-dimensional (3D) photonic and phononic band gaps
may become feasible, promising a new generation of
acousto-optical devices [1–3].

There are only a few papers in which the properties of
submicrometer periodic structures have been described
with respect to their photonic and phononic properties
during the past decade [4–7]. Recently a step towards
ultrafast manipulation of visible light using coherent hy-
personic vibrations of the gold shell of isolated silica
spheres in 3D photonic structures has been made [8].
These systems, however, do not provide a phononic band
structure. To our knowledge coherent acousto-optical ef-
fects in which the elastic coupling between the elementary
building blocks of the periodic structure is established have
not been studied.

This Letter demonstrates modulation of visible light by
‘‘shaking’’ synthetic opals, well known as 3D photonic
crystals, at a hypersonic frequency. The measured modu-
lation spectrum contains frequencies characteristic for a
strong mechanical coupling of the silica spheres compos-
ing the opal, which confirms that the studied structure
behaves also as a phononic crystal. A theoretical analysis
of the elastic vibrations in perfect opals predicts the vibra-
tional modes which are involved in the light modulation

when a coherent hypersonic wave packet is excited in a
thin metal transducer.

The opal films with 1 cm2 area were composed of close-
packed silica spheres and grown by a vertical deposition
method [9] on a silica substrate. The silica spheres formed
a face-centered cubic (fcc) opaline matrix with the (111)
plane parallel to the substrate surface. Two samples (1 and
2) were investigated. The silica sphere diameter in the col-
loidal suspension wasD � 359� 10 nm for both samples.
From the scanning electron microscopy image in Fig. 1(a)
it is seen that neighboring spheres are penetrating each
other, which is a result of the sintering during the opal
formation process. Thus there is a considerable elastic
coupling, which may result in formation of a phononic
band structure typical for phononic crystals. The elastic
coupling parameter � in the formed photonic-phononic
crystal can be defined as � � D=2a� 1, where 2a is the
distance between the centers of neighboring spheres [10].

FIG. 1 (color online). (a) Scanning electron microscopy image
of the opal film surface from which the sintering of spheres can
be seen. (b) Optical reflectivity spectra of the opal film. The
arrow indicates the wavelength of the probe light in the ultrafast
experiments. (c) Setup of the pump-probe experiment.
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The reflectivity spectra in Fig. 1(b) measured at room
temperature demonstrate features typical for 3D photonic
crystals [11]. The Bragg reflectivity peak with a maximum
at �m � 765 nm arises from the stop band of the photonic
crystal. The maximum reflectivity spectral position �m is

given by �m � 2d0

����������������������
"0 � sin2�

p
, where "0 is the mean

permittivity of the opal structure, � is the angle of light
incidence, and d0 � 2

���
6
p
a=3 is the spacing between adja-

cent (111) lattice planes. The measured angular depen-
dence of �m gives values of d0 � 290 nm and "0 � 1:74.
The obtained parameters were used to calculate the mean
elastic coupling parameter [9], for which a value of � �
0:015� 0:005 was obtained for both samples. The mea-
sured spectra [Fig. 1(b)] show oscillations due to Fabry-
Perot interferences in the opal film. The oscillation periods
correspond to film thicknesses of 10 and 12 silica sphere
layers in samples 1 and 2, respectively.

The idea of the experiment [Fig. 1(c)] is to inject into the
sample a picosecond coherent elastic wave packet from a
hypersonic transducer and to make time-resolved measure-
ments of the corresponding changes of the optical Bragg
reflectivity spectrum. An aluminum film with a thickness
of 100 nm was deposited on an opal sample surface. This
metal film played the role of the hypersonic transducer for
generation of a picosecond strain pulse to be injected into
the opal film [12]. For excitation, 0.3 ps pulses from a
Ti:sapphire laser with a regenerative amplifier (� �
800 nm, repetition rate 250 kHz, and maximum energy
per pulse 1 �J) were used. The pump beam was sent along
a variable delay line and focused (200 �m spot diameter)
on the metal transducer. The probe pulse was split from the
same laser beam and was focused onto the silica substrate
exactly opposite to the pump spot.

Figure 2(a) shows the measured reflectivity changes
�R�t�=R0 for the two samples. R0 is the reflectivity of the
probe beam in the absence of pump excitation at a wave-
length of 800 nm on a flank of the Bragg peak. After a
sharp rise at t � 0, pronounced oscillations of �R�t�=R0

are observed. When the background is subtracted, in both
cases the oscillatory part of the measured signal [Fig. 2(b)]
cannot be described by a single period and depends on the
sample.

Figure 2(c) shows the Fourier transforms of the oscil-
latory parts [Fig. 2(b)] of the measured signals �R�t�=R0.
The peak (L) at �L � 11 GHz is observed for both samples
and has the highest amplitude. For sample 1 the peak L is
accompanied by a low-frequency spectral wing while well-
resolved peaks at 7 GHz (peak D) and 4 GHz (peak P) are
seen for sample 2.

The origin of the oscillations in �R�t�=R0 is the elasto-
optical effect. Coherent elastic vibrations modulate the
period of the opal structure, which consequently results
in modulation of the spectral position and width of the
photonic stop band. When the probe light wavelength
corresponds to one of the spectral wings of the Bragg
reflection spectrum [as in our case in Fig. 1(b)] the effi-

ciency of the hypersonic light modulation increases enor-
mously [8]. This gives an essential advantage to the use of
photonic-phononic crystals for light modulation over tradi-
tional acousto-optical materials.

As a first approximation one may assume that the opal
vibrational spectrum of a moderately coupled (�� 0:01)
photonic-phononic crystal consists of modes with frequen-
cies close to the eigenfrequencies of the isolated a-SiO2

spheres, known as Lamb modes [13]. Theoretically, two
families of Lamb modes, torsional and spheroidal ones,
can be derived from the equations of motion for lattice
displacements in an elastically isotropic sphere with a
stress-free surface. The torsional modes leave the sphere
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FIG. 2 (color online). (a) Measured �R�t�=R0 signals for the
two samples. The smooth curves represent the slowly growing
backgrounds. (b) Oscillatory parts of �R�t�=R0 (smoothed) after
background subtraction. (c) Fourier transforms of the signals
in (b). Open circles and dots correspond to samples 1 and 2, re-
spectively. Hatched region is the frequency range where the re-
sults are not reliable. (d) Calculated band structure of the fcc in-
finite opal (with � � 0:01) along the �� L direction. The ar-
rows labeled by (l; n) are the eigenfrequencies of the low lying
spheroidal modes in an isolated silica sphere. The upper inset
in (c) shows the unit cell structure of an opal consisting of three
layers of spheres (top, middle, and bottom layers are shown with
thin green lines, dashed red lines, and bold black lines, respec-
tively). The lower inset in (c) shows the width of the first (dots)
and second (triangles) frequency gaps in (d) versus the parame
ter �.
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shape unperturbed and hence are not active in the modu-
lation of the photonic-phononic crystal period and there-
fore the stop bands. The spheroidal modes, on the other
hand, have mixed longitudinal and transverse character and
their vibrations are associated with changes of the sphere
volume. Consequently, we will limit our analysis to the
spheroidal modes that can be classified in terms of the
order l (angular momentum) of spherical Bessel functions
jl�x� and an integer n indicating the number of nodes in
radial direction. Accordingly we label the series of eigen-
frequencies as �l;n. Their values can be evaluated once the
velocities of the longitudinal (L) and transverse (T) sound
(for silica sL � 5:97� 105 cm=s and sT � 3:77�
105 cm=s, respectively [14]) and the radius of the sphere
r0 � D=2 are fixed. For spheres with D � 359 nm, the
calculated frequencies of the spheroidal modes are shown
by the horizontal arrows in Fig. 2(d). The experimentally
observed L peak [Fig. 2(c)] has a frequency close to the
purely radial mode (l � 1, n � 0) at �1;0 � 10:8 GHz. No
distinct peak in the measured spectrum at �2;0 � 9 GHz
which corresponds to the fundamental quadruple mode
(l � 2, n � 0) is observed. This frequency would represent
the lower limit, if the spheres were decoupled.

The exciting experimental fact is that the measured
�R�t�=R0 spectrum [Fig. 2(c)] clearly shows vibrations
with frequencies well below the lowest quadruple mode
�2;0. Elastic vibrations with frequencies below the Lamb
modes can exist only if the vibrational modes spread over a
distance exceeding the extension of an isolated sphere.
Thus the experimental results clearly evidence that the
spheres are considerably coupled with each other and the
vibrational modes demonstrate phononic crystal behavior.

To obtain insight into the phononic crystal properties,
we first study the effect of elastic coupling in perfect opals
theoretically. The vibrational properties of phononic crys-
tals have so far been studied with various methods, such as
plane-wave-expansion [15], multiple-scattering [16–19],
and finite-difference time-domain (FDTD) [20] methods.
The first method has convergence problems, as a large
number of plane waves are required when the elastic
properties of the constituents are very different as in the
present system (silica and vacuum). The second method
has successfully been applied to the calculation of the
vibrational band structure of opals in which silica spheres
are separated from each other by air [19]. Unfortunately,
this method cannot be applied to cases where the scatterers
(i.e., the silica spheres) overlap.

The only viable and therefore applied method in our
work is the FDTD approach even though the method is
computationally cumbersome for 3D systems [21]. The
calculated phonon dispersion curves along the [111] (z)
direction for an infinite fcc opal are shown in Fig. 2(d). We
have considered a rectangular parallelepiped unit cell with
side lengths Lx � 2a, Ly � 2

���
3
p
a, and Lz � 2

���
6
p
a in the

x, y, and z directions, respectively, so that three layers of
silica spheres are contained as shown in the upper inset of

Fig. 2(c). For an elastic coupling parameter � � 0:01,
which corresponds to the measured samples, there exists
a complete phononic gap from 7.0 to 8.3 GHz. A second
phononic gap is seen from 12.0 to 12.5 GHz. With increas-
ing � the volume of opal pores between the spheres be-
comes smaller and the structure evolves towards the
acoustic properties of bulk silica. At around � � 0:025
[see the lower inset of Fig. 2(c)] the phononic gaps vanish.
Very recently, a study of the phononic band structure in
opals has been reported, in which band gaps in the phonon
dispersions have been confirmed [22].

The temporal modulation of light in photonic-phononic
crystals should follow the coherent hypersonic vibrations
excited in the considered geometry [Fig. 1(c)]. To analyze
the modulation we have calculated by FDTD simulations
the spectral density of the elastic vibrations in an opal film
consisting of ten layers of silica spheres on a silica sub-
strate. We have also included the Al hypersonic transducer
film at the top of the opal sample. Similar to the experi-
mental situation we assume a short, coherent initial dis-
placement over a large area of the Al film. Then, we
average the relevant signals (after Fourier transformation
into the frequency domain) over a large area of each silica
layer in the opal film.

In Fig. 3 we plot the resulting spectral density for the
difference of the displacement components uz at the top
and bottom edges of a sphere, i.e., �Dz � uz�z � 	r0� �
uz�z � �r0�. It is �Dz rather than uz that contributes to
changes of the photonic structure period and correspond-
ingly to the spectral position of the photonic stop band and
the modulation of light. There are several dips in which no
phononic crystal modes are located: One dip extends from
4 to 9 GHz and another one with a width of 0.5 GHz is
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FIG. 3 (color online). Calculated spectral density of �Dz
versus frequency of the ten layer opal film on a silica substrate.
Upper four lines labeled by the layer number beginning from the
metal film side are the results of the coherent excitation of an
initial signal. Bottom line is obtained from a signal initially
excited inside a sphere in the top layer. The spheroidal-mode
frequencies in an isolated silica sphere are labeled by (l; n). The
dashed arrow indicates the surface localized mode. Hatched
regions correspond to the frequency gaps in Fig. 2(d). The inset
shows the fourth layer spectrum on a linear scale.
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centered at 12 GHz. Both of them are well correlated with
the first and second vibrational gaps in the infinite system
shown in Fig. 2(d). However, the first dip is much wider
than the lowest frequency gap in the dispersion relation in
Fig. 2(d).

For comparison, we also show in Fig. 3 a spectrum (the
bottom line) resulting from an initial displacement uz at a
point inside a silica sphere, placed in the top layer. The
lowest band now develops up to about 7 GHz. In this situa-
tion the lattice vibration is transmitted obliquely inside the
opal film (like a spherical wave), producing a transverse
vibration in addition to a longitudinal one. This result
indicates that at the top of the lowest band (4–7 GHz)
the vibrational modes are predominantly transverse in
character.

An interesting feature in Fig. 3 is the existence of the
spectral peak at about 8.7 GHz. This peak is prominent for
layers near the surface where hypersonic waves are ex-
cited, but almost invisible at the tenth layer. Therefore, this
should be a surface localized vibration, or more precisely a
pseudosurface vibration which appears inside the band-gap
and is often located close to the edge of a phononic crystal
band [23,24]. A similar surface localized vibration is also
seen inside the second band-gap.

The calculated spectra in Fig. 3 govern the spectrum of
light modulation in a perfect photonic-phononic crystal.
They are essentially different from the discrete spectrum of
the isolated spheres (see vertical arrows in Fig. 3) and
depend on the layer number in the opal film, as light
with wavelength close to the photonic stop band can pene-
trate into the opal film over 10–20 layers [9]. This value is
about the number of constituent layers in our synthesized
photonic-phononic crystals. Thus all layers have to be
taken into account in the considered geometry [Fig. 1(c)].

In summary, in 3D opal based photonic-phononic crys-
tals light with a wavelength close to the photonic stop band
can be strongly modulated by hypersonic vibrations with
frequencies of about 10 GHz. The measured and calcu-
lated vibrational spectra consist of frequencies lower
than the Lamb modes of isolated silica spheres. This under-
lines the importance of elastic coupling between the ele-
mentary blocks forming the 3D photonic-phononic crystal.
Future experiments on opals with optimized homogeneity
will give further insights into phonon dispersion and co-
herency [25]. The unification of photonic and phononic
crystal structures may open the path towards new
applications.
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